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We discuss several aspects of higher dimensional models that contain bulk gauge and fermion fields
only. In particular we argue that non-standard boundary conditions involving charge-conjugate
fermion fields offer attractive model building possibilities. We also discuss a no-go theorem for
5-dimensional models which severely limits their phenomenological relevance.
PACS numbers: 11.10.Kk,11.15.-q,12.10.-g
I. CHARACTERISTICS OF THE MODELS CONSIDERED
We consider a space time of the form [1] M × B (M = usual 4-d Minkowski space) and B a space-like d − 4
dimensional manifold. We assume that a discrete group G acts on B, y → q(y) ∈ B, and replace B → B/G which
is compact. If we expand the fields in some complete set of functions, the modes that do not depend on the B
coordinates will correspond to the light excitations. As an example take d = 5, B = R and G = {E, I, T }
E : y → y, I : y → −y, T : y → y + L; [T, I] = 0, I2 = E (1)
B/G denotes an orbilfod S1/Z2. Fourier expanding the fields
1
φ(y) =
∑
n∈Z
φn+ cos(2piny/L) +
∑
n∈Z
φn− sin(2piny/L) (2)
The kinetic energy contains a term ∝ ∂2y that generates a mass ∼ |2pin/L|, so that all the n 6= 0 modes are heavy.
Light modes, φ0+ are associated with y−independent functions.
In these theories it is possible to recast the hierarchy problem in terms of the compactification scale[2]: consider 2
L = −F 2/4 + Ψ¯(i 6∂ −M)Ψ in 5d, then
H ∼
∫ L
0
AN=4(x, y)dy, (3)
generates 4-d scalar excitations (H 6= 0 if we impose appropriate behavior of A4 under G). Radiative corrections
generate a non-trivial effective potential Veff(H), which is finite (up to field independent constant) and calculable.
The reason is that all divergences in the full 5-d theory are associated with local operators while none of the terms
in Veff(H) can be local since H itself is not. The H mass is usually O(1/L) and is not driven to an UV cutoff by
radiative corrections.
II. NON-STANDARD BOUNDARY CONDITIONS
We will be interested in models without fundamental scalars, whereH (eq. 3) drives spontaneous symmetry breaking
(SSB) in the light theory. For example, in a 5-d Abelian model with A4(y + L) = A4(−y) = A4(y), invariance under
G requires Aµ(−y) = −Aµ(y), while for the fermions one usually assumes ψ(−y) = e
iβγ5ψ(y). But in this case
ψ¯(6 ∂ + ig 6A)ψ → ψ¯(6 ∂ + i(−g) 6A)ψ, which is incompatible with g 6= 0. Since the AN behavior under G is necessary
for SSB, we must modify that for the ψ, and the sign change in g suggests we include the charge conjugate field ψc.
1 Minkowski-space coordinates are suppressed to minimize cluttering.
2 No brane kinetic terms [4], 5-d bulk scalars, nor anomalous U(1) [5] will be considered hereafter.
2This illustrated by the following choices for an Abelian model [3]:
Standard Non− standard
ψ(y) = γ5ψ(−y) = e
−iαψ(y + L) ψ(y) = γ5ψ
c(−y) = e−iαψ(y + L)
Aµ(y) = Aµ(−y) = Aµ(y + L) Aµ(y) = −Aµ(−y) = Aµ(y + L)
A4(y) = −A4(−y) = A4(y + L) A4(y) = +A4(−y) = A4(y + L)
(4)
The light spectrum contains a vector (scalar) for the (non) standard boundary conditions and a chiral fermion when
α ≃ 0 (both cases). No symmetry protects the light-scalar mass and radiative corrections will, in general, generate
a non-trivial effective potential that may lead to SSB, see Fig.1 for α = 0, pi. This does happen, but it requires 2
fermion species with different charges (see fig. 1); the scalar then receives a mass and vacuum expectation value
(VEV) ∼ 1/L: after one loop effects are taken into account the model has no massless excitations. Expanding in a
Fourier series the fields take the form
Aµ(y) =
∑
n
Aµn sin(ωny); A
4(y) =
∑
n
A4n cos(ωny); ψ(y) =
∑
n
eiω˜n
(
εφ∗n
φn
)
, (5)
where ωn = 2pin/L, ω˜n = ωn + α/L and ε ≡ iσ2 is the 2 × 2 antisymmetric matrix. In particular the φn receive a
Majorana mass terms of the form
∑
n ω˜n φ
T
n εφn, and may prove useful when constructing the neutrino sector of the
electroweak theory.
For G = {E, T } (no “orbifolding”) the model will contain light vector-like fermions, a vector boson and a light
scalar with SSB when ≥ 2 fermion flavors of different charges are present in which case both fermions and scalars
receive O(1/L) masses. It is worth to mention that in this model (for α = 0, pi) spontaneous CP violation takes place
[6].
In more complicated groups one can mix boundary conditions insuring that the AaN contain 4-dimensional light
vectors for some gauge indices a, and light scalars for others. For example in a 5-d SU(3) theory we can choose
Aa=1,2,3,8N 6=4 and A
a=4,5,6,7
N=4 to be even and periodic in y. The light modes of the first set will be the gauge boson of a 4d
SU(2)×U(1) theory while those of the second set form an SU(2) doublet (4d scalar) that can receive a VEV through
1-loop effective potential. The ρ parameter satisfies ρtree = 1 and a careful choice of the fermionic content leads to
VEV≪ 1/L; unfortunately the weak mixing angle differs widely form the observed value: sin2 θW = 3/4.
The general case[3] is best described in terms of a double spinor χT = (ψT ,−ψc T ):
χ(y) = Aχ(y − L) = −γ5Bχ(−y) A
N
a (y) = VabA
N
b (y − L) = (−1)
δN,4
V˜abA
N
b (−y) (6)
where A,B are unitary, V, V˜ orthogonal and satisfy
1 = −εAεAT = εBεBT ; fa′b′c′ = fabcVaa′Vbb′Vcc′ = fabcV˜aa′V˜bb′V˜cc′ (7)
The first relation insures that χ and ψ have the same number of degrees of freedom; the second implies that V, V˜
are automorphisms of the gauge group.
The light modes (denoted by a (0) superscript) then satisfy
χ(0) = Aχ(0) = −γ5Bχ
(0) A
(0)
N = VA
(0)
N = (−1)
δN4
V˜A
(0)
N (8)
By appropriate choice of group and fermion content one can have Dirac and/or Majorana fermion masses, as well as
radiatively-induced SSB for the A
(0)
4 .
III. CONSTRAINTS ON REALISTIC MODELS
The best case scenario would correspond to one which experiences two stages of symmetry breaking: G→ SU(3)×
SU(2) × U(1) → U(1) The first generated by the choice of V, A, etc. and the second by SSB through the scalars
H . For these models to be phenomenologically viable this should lead to ρtree = 1 and sin
2 θW ≃ 1/4. Since all
couplings are specified by the group structure, it is possible to determine in full generality under which conditions
these constraints are satisfied. Demanding that there be exclusively SM vector bosons implies the model can contain
only one light scalar multiplet of isospin Imax, associated with a root β, whose component of z-isospin I gets a non-zero
VEV. The gauge vectors can be expanded as
Aµ = EαW
+
µ + E−αW
−
µ + αˆ ·C W
0
µ + yˆ ·C Bµ + · · · ; A4 = φEβ + φ
†E−β (9)
3(Cartan and root generators are denoted by Ci and Eα respectively) where α is a root not parallel to β and yˆ =
(β − (αˆ · β)αˆ)/|(β − (αˆ · β)αˆ)|. The masses are generated by
L = (〈H〉
2
/2)
{
|α|2
[
Imax (Imax + 1)− I
2
]
W+ ·W− +
(
αˆ · βW 0 + yˆ · βB
)2}
(10)
so sin2 θW = 1−(αˆ·βˆ)
2; ρtree = Imax (Imax + 1) /(2I
2)−1/2. Standard Lie algebra properties imply 2|I| = 4(αˆ·βˆ)2 =
0, 1, 2, 3, 4, which combined with ρtree = 1, imply sin
2 θW = 3/4, 0: any 5-d model without scalars, kinetic brane terms
or anomalous U(1) is unacceptable [6].
IV. CONCLUSIONS
We have discussed non-standard boundary conditions involving charge-conjugate fermion fields. They offer attrac-
tive model building possibilities. In particular the Abelian example shows that the non-standard fermionic boundary
conditions are mandatory when the U(1) gauge symmetry is supposed to be broken in the light sector of 4d effective
theory. We have also presented a no-go theorem for 5d models which severely limits their phenomenological relevance.
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FIG. 1: Effective potential for an Abelian model with non-standard boundary conditions when two fermions of charges 2/3 and
−1/3 are present, for the remaining parameters see [6].
